The present study aimed to test the hypothesis that testosterone deprivation impairs osteoblastic insulin signaling, decreases osteoblast survival, reduces bone density, and that obesity aggravates those deleterious effects in testosterone-deprived rats. Twenty four male Wistar rats underwent either a bilateral orchiectomy (O, nZ12) or a sham operation (S, nZ12). Then the rats in each group were further divided into two subgroups fed with either a normal diet (ND) or a high-fat diet (HF) for 12 weeks. At the end of the protocol, blood samples were collected to determine metabolic parameters and osteocalcin ratios. The tibiae were collected to determine bone mass using microcomputed tomography and for osteoblast isolation. The results showed that rats fed with HF (sham-operated HF-fed rats (HFS) and ORX HF-fed rats (HFO)) developed peripheral insulin resistance and had decreased trabecular bone density. In ND-fed rats, only the ORX ND-fed rats (NDO) group had decreased trabecular bone density. In addition, osteoblastic insulin resistance, as indicated by a decrease in tyrosine phosphorylation of the insulin receptor and Akt, were observed in all groups except the sham-operated ND-fed rats (NDS) rats. Those groups, again with the exception of the NDS rats, also had decreased osteoblastic survival. No differences in the levels of osteoblastic insulin resistance and osteoblastic survival were found among the NDO, HFS, and HFO groups. These findings suggest that either testosterone deprivation or obesity alone can impair osteoblastic insulin signaling and decrease osteoblastic survival leading to the development of osteoporosis. However, obesity does not aggravate those deleterious effects in the bone of testosterone-deprived rats. 
Introduction
Insulin and insulin receptors play important roles in bone development and in promoting bone formation (Pun et al. 1989 , Fulzele et al. 2010 . Several studies have demonstrated that the downstream signaling molecules of insulin receptors, including IR, IRS1 and Akt, are required for osteoblastic proliferation and differentiation (Ogata et al. 2000 , Kawamura et al. 2007 . Our previous study demonstrated that obese-insulin resistant rats induced by a 12-week high-fat diet (HF) resulted in impairment of osteoblastic insulin signaling, decreased osteoblastic proliferation, increased osteoblastic apoptosis, and can lead to osteoporosis in the jaw bone (Pramojanee et al. 2013) .
Preclinical and clinical studies have reported that obesity is associated with low serum testosterone levels or testosterone deficiency (Wang et al. 2011 , Saboor Aftab et al. 2013 . In addition, studies indicate that a state of testosterone deficiency could impair glucose homeostasis and insulin signaling, leading to the development of obesity, insulin resistance, and type 2 diabetes mellitus (Grossmann et al. 2009 ). Several studies have also demonstrated that a testosterone-deficient condition causes osteopenia and osteoporosis (Dupree & Dobs 2004 , Tsujimura 2013 ). However, the effects of combined testosterone deprivation and obese insulin resistance on bone morphology, osteoblastic insulin signaling and cell survival have not yet been investigated. The present study aimed to determine the effect of combined testosterone deprivation plus an obese-insulin resistant condition on bone morphology, osteoblastic insulin signaling, and osteoblastic survival. The hypotheses of the present study are that i) either testosterone deprivation alone or an obeseinsulin resistant condition alone causes impairment of osteoblastic insulin signaling, a decrease in osteoblastic survival and leads to osteoporosis, or ii) an obesity-induced insulin resistant condition aggravates those deleterious effects on bone under testosterone-deprived conditions.
Materials and methods

Animal preparation
All experiments were conducted in accordance with the approved protocol of the Faculty of Medicine, Chiang Mai University and the Institutional Animal Care Committee. Twenty-four male Wistar rats weighing 180-200 g were purchased from the National Animal Center, Salaya Campus, Mahidol University, Bangkok, Thailand.
Experimental protocol
The rats were divided into two groups (nZ12/group), either the sham-operation (S) group or the bilateral orchiectomy (O) group. After 1 week following the orchiectomy, the rats in each group were further divided into two subgroups to receive either a normal diet (ND) or a HF for an additional 12 weeks (nZ6/sub-group), following the procedure decribed in a study by Pramojanee et al. (2013) . Blood samples were collected from the rats' tails for determination of glucose, cholesterol, insulin, testosterone, and osteocalcin levels at week 0 and week 12. At the end of the experiment, animals were deeply anesthetized and sacrificed. The tibiae were removed, cleaned, and kept with in normal saline at K80 8C before micro-computed tomography (micro-CT) and histomorphometry analysis. Also, total visceral fat, including peritoneal, periovarian, and perirenal fat pads were removed and weighed (Pratchayasakul et al. 2014) . A summary of the experimental protocol is provided in Fig. 1 .
Orchiectomy procedure
Orchiectomy was performed using the method described in previous studies (Dulisch 1976 , Pongkan et al. 2015 .
Plasma analysis
Plasma glucose and cholesterol levels were determined by a colorimetric assay (Biotech, Bangkok, Thailand). Plasma HDL and LDL levels were determined using a commercial colorimetric assay kit (Biovision, CA, USA). Plasma insulin levels were determined using a Sandwich ELISA kit (LINCO Research, St. Claire, MO, USA). Plasma testosterone levels were measured using the electrochemiluminescence immunoassay 'ECLIA' technique (Roche Diagnostic). Peripheral insulin resistance was assessed by the homeostasis model assessment (HOMA) (Haffner et al. 1997 , Appleton et al. 2005 ), a mathematical model describing the degree of insulin resistance, calculated from fasting plasma insulin and fasting plasma glucose concentration. A higher HOMA index indicates a higher degree of insulin resistance. The HOMA index was determined by the following equation: (fasting plasma insulin (mU/ml))! (fasting plasma glucose (mmol/l))/22.5 (Haffner et al. 1997 , Appleton et al. 2005 . The plasma Gla and Glu osteoclacin levels were measured by a rat Glu-Osteocalcin high sensitive EIA Kit (Takara Bio, Inc., Shiga, Japan) with 0.125 ng/ml minimum sensitivity of detection, 4.8% inter assay, and 6.3% intra assay.
Primary osteoblastic culture
Left tibiae were prepared in pieces for osteoblastic isolation using the serial enzymatic method (Pramojanee et al. 2013) . Osteoblastic cells were identified with Alizarin red (Sigma-Aldrich) and alkaline phostphatase (Wako, Osaka, Japan), as described in a previous study (Pramojanee et al. 2013) .
Cell proliferation and apoptosis assay
The osteoblastic cells were plated on glass coverslips in 96-well plates at a density of 1!10 4 cells/well and cultured for 24 h in DMEM which was supplemented with 10% FBS as previously described (Pramojanee et al. 2013) . Cell proliferation and apoptosis assay was carried out by the following method: the osteoblasts isolated from all groups were plated in 96-well plates at the density of 1! 10 4 cells/well and cultured in DMEM supplemented with 10% FBS for 24 h. Cells were starved by DMEM supplemented with 1% FBS for 24 h before stimulating with 10 nM insulin for 24 h. Cell proliferation levels were measured by a AlamarblueTM fluorometric cell viability assay (Biosource, California, USA). A TUNEL assay (ClickiT TUNEL Alexa Fluor imaging assays; Invitrogen) was used to determine cellular apoptosis levels, as described in a previous study: (Pramojanee et al. 2013) . Cell proliferation/apoptosis was given as a percentage of the control (non-insulin stimulated cells). Three sections per sample were used in the TUNEL analysis.
Western blot analysis
The osteoblastic cells were lysed in a lysis buffer (20 mmol/l Tris-HCl, 1 mmol/l Na 3 VO 4 , 5 mmol/l NaF and phosphatase inhibitor) containing protease inhibitors. Protein analysis using western blot analysis was performed as previously decribed (Pramojanee et al. 2013 
Micro-CT and trabecular microstructural analysis
Right tibiae were analyzed by a micro-CT system (model SkyScan 1178;SkyScan, Kontich, Belgium) followed by hisomorphomety for trabecular microstructural analysis as previously described (Suntornsaratoon et al. 2014) . We analyzed the results by using a section in the mid-sagittal plane, and examined 25 areas within the tibial secondary spongiosa.
Statistical analysis
All data were expressed as meanGS.E.M. One-way ANOVA with Dunnett's multiple comparison test was used for multiple sets of data. P!0.05 was considered statistically significant.
Results
HF consumption, but not testosterone deprivation, caused peripheral insulin resistance
At baseline levels (before orchiectomy), no metabolic parameters were significantly different between rats in the sham-operation (S) group and rats in the orchiectomized group (Table 1 ). The success of the orichectomy was confirmed by decreased plasma testosterone levels (Table 2) . Interestingly, the testosterone levels of the sham-operated HF-fed rats (HFS) group also decreased significantly compared with that of the sham-operated ND-fed rats (NDS) group. After 12 weeks of the dietry protocol, both the HFS and the ORX HF-fed rats (HFO) rats presented characteristics of impaired peripheral insulin sensitivity as indicated by increased body weight, increased visceral fat, hyperinsulinemia with euglycemia, an increased HOMA index and increased plasma cholesterol levels when compared with the NDS group (Table 2) . Although the body weight and quanity of visceral fat in the HFO group were significantly greater than in the NDS group, the HFO group had a lower body weight and less visceral fat than the HFS group (Table 2 ). In addition, the ORX ND-fed rats (NDO) rats had significantly decreased body weight and visceral fat compared with the NDS group. These findings suggest that a HF, but not testosterone deprivation, caused the obesity and the peripheral insulin resistance.
Decreased Gla/Glu osteocalcin ratio observed in both HF-fed rats and testosterone-deprived rats
The plasma Gla/Glu-osteocalcin ratio was used as a marker of bone formation. It was found that the Gla/Glu osteocalcin ratio was significantly decreased in the NDO, HFS, and HFO groups compared with that of the NDS group (Table 2) . However, the ratios were not different among the NDO, HFS, and HFO rats. These findings suggest that either HF consumption or testosterone deprivation can cause a reduction in bone formation. Obesity, however, did not aggravate this deleterious effect in testosterone-deprived rats.
Trabecular bone microstructure deceased in HF-fed rats and in testosterone-deprived rats
The morphology of the tibial bones was analysed using a micro-CT. The cortical parameters, inclucing x-axis moment of inertia, y-axis moment of inertia, cortical thickness, cortical bone area, cortical periosteal perimeter, and cortical endosteal perimeter were not different among the groups ( Fig. 2A , B, C, D, and F). Interestingly, trabecular bone mineral density was significantly decreased in the NDO, HFS, and HFO groups (Fig. 2G ). This indicated thatosteoporosis occurred in this area. Bone histomorphometry was used to further investigate the bone microstructure. Goldner's trichrome-stained tibial sections indicated that testosterone deprivation and HF consumption led to a decrease in mineralized tissue (green) and bone volume ( Fig. 3A and B) . Testosterone deprivation in both ND and HF rats increased trabecular separation (Fig. 3D ) and decreased trabecular number (Fig. 3E ). The decrease in trabecular bone volume in HFS was probably the result of the decreased trabecular number rather than the decreased trabecular thickness (Fig. 3E ).
Osteoblastic proliferation significantly decreased in HF-fed rats and testosterone-deprived rats Cells isolated from tibiae and cultured in osteogenic medium were positively stained with Alizarin red (Fig. 4A , C, E, and G) and alkaline phosphatase (Fig. 4B , D, F, and H), to identify osteoblastic characteristics. AlamarBlue fluoremetric cell viability assay was performed at 1, 2, 4, 6, 24, 48, and 72 h after initial culturing. The number of cells was significantly decreased in the NDO, HFS, and HFO groups at 48 and 72 h when compared with the NDS group (Fig. 4J) . A proliferation signal, Cyclin D1 protein, was decreased in the HF-fed rats and testosterone-deprived rats (Fig. 4L ).
No differences in these factors were found among the NDO, HFS, and HFO groups. These findings suggest that either testoterone deprivation alone or HF consumption alone can cause a reduction in osteoblastic proliferation, but that obesity induced by HF consumption does not aggravate this effect in testosterone-deprived rats. Osteoblastic apoptosis significantly increased in both HF-fed rats and testosterone-deprived rats Apoptotic cell death, measured with TUNEL assay, significantly increased in the NDO, HFS, and HFO groups when compared with the NDS group (Fig. 5) . No differences in apoptotic cell death were found among the NDO, HFS, and HFO groups. These findings suggest that either obesity alone or testosterone deprivation alone results in increased osteoblastic apoptosis. However, obesity induced by HF consumption did not aggravate apoptotic cell death in testosterone-deprived rats.
Osteoblastic insulin signaling impaired in both HF-fed rats and testosterone-deprived rats
The osteoblastic insulin signaling activity was determined by tyrosine phosphorylation of insulin receptors after stimulation with10 nM of insulin for 10 min. The phosphorylation of the insulin receptor was decreased in the NDO, HFS, and HFO groups compared with that of the NDS group (Fig. 6A and B) . In addition, the phosphorylation of the downstream insulin signaling molecule, Akt, was significantly decreased in the NDO, HFS, and HFO groups when compared with that in the NDS group (Fig. 6A and C) .
Discussion
Based on the findings of this study, it appears that HF consumption, not testosterone deprivation, causes obesity and peripheral insulin resistance. Furthermore, testosterone deprivation alone and HF-induced obsity alone lead to a decrease in serum osteocalcin, decreased osteoblastic proliferation, increased osteoblastic apoptosis, osteoblastic insulin resistance, and the impairment of bone microarchitectures. In addition, an obesity-induced insulin resistant condition does not aggravate those deleterious effects in the bones of testosterone-deprived rats.
The present findings and those of previous reports (Winzell & Ahren 2004 , Pramojanee et al. 2013 demonstrate that obesity induced by 12-week HF consumption causes peripheral insulin resistance as indicated by increased body weight, increased visceral fat, hyperinsulinemia with euglycemia, and an increased HOMA index. The development of peripheral insulin resistance in the present study was dependent on HF-induced obesity, but not testosterone deprivation, as confirmed by the fact that there was no change in the HOMA index in the NDO rats. These findings are consistent with a report by Christoffersen et al. (2006) . However, several previous studies have reported that testosterone deprivation alone via orchiectomy (ORX) in male rodents causes impairment of insulin sensitivity (Xia et al. 2013 , Jayaraman et al. 2014a . For example, Xia et al. (2013) found that ORX-induced testosterone deficiency increased fasting blood glucose in mature adult (10 week old) male Sprague-Dawley rats. Jayaraman et al. (2014a b) demonstrated that ORX adult mice (3 months of age) had impaired insulin sensitivity. Differences in the breed and age at the start of the ORX procedure (this study used young adult male Wistar rats orchiectomized at 5-6 weeks of age rather than Sprague-Dawley rats) might be the cause of the differences in the results. Previous studies reported the role of osteocalcin in increased insulin sensitivity in the target organs (Saleem et al. 2010 , Xiao et al. 2014 . The present study showed that the ratio of Gla/Glu ratio and Glu osteocalcin levels in NDO, HFS, and HFO groups significantly reduced, when compared with that of the NDS group. However, Gla osteocalcin levels among all four groups were not significantly different. These findings suggested that the reduction of Gla/Glu osteocalcin ratio in NDO, HFS, and HFO groups was due to increased Glu levels, implying that decreased insulin sensitivity could occur in NDO, HFS, and HFO groups. The present study, however, also demonstrated a reduction in the Gla/Glu osteovlacin ratio as well as the impairment of osteoblastic insulin signaling as indicated by decreased phosphorylation of the insulin receptor and its downstream signaling molecule, Akt protein, in either orchiectomy alone or HF-induced obesity alone. Our findings suggested that the osteoblastic insulin resistance in both testosterone-deprived rats and obese-insulin resistant rats could possibly occur via the effects of low osteocalcin levels as previously observed in pancreatic b cells and adipocytes (Ferron et al. 2008 , Hwang et al. 2012 . The testosterone deprivation following orchiectomy was confirmed by the decreased testosterone level in the orchiectomized rats. However, the HFS rats also showed a decrease in plasma testosterone levels, a finding consistent with previous clinical reports which demonstrated that obesity in men is associated with low testosterone levels (Barrett-Connor 1992 , Andersson et al. 1994 , Grossmann 2013 , Mogri et al. 2013 . The reduction of testosterone levels in the HFS rats could be a factor in the decrease in the hypothalamo-pituitary-gonadal axis due to inflammation following obesity as decribed in previous studies (Cohen 1999 , Gregor & Hotamisligil 2011 , Mammi et al. 2012 , Jayaraman et al. 2014b . Although it has been shown that obesity could increase the estrogen levels in female rats (Pratchayasakul et al. 2011) , our previous study demonstrated that 12 weeks of high-fat diet feeding did not affect the circulating estrogen levels in male rats (Pratchayasakul et al. 2011) . Moreover, a recent report also demonstrated that estradiol administration did not affect cardiac function in orchiectomized male rats (Ayaz et al. 2015) . All of these findings indicated the important role of decreased testosterone levels rather than increased estrogen levels in obese male rats.
A previous study demonstrated that orchiectomyinduced trabecular bone degeneration was possibly caused by a decrease in the expressions of osteogenic genes (Chin & Ima-Nirwana 2015) . Several studies have demonstrated that testosterone played an important role in osteoblastic proliferation by enhancing mitogenesis and differentiation in bone cells (Sömjen et al. 1989 , Kasperk et al. 1990 , Gray et al. 1992 . In addition, testosterone has been shown to play a role in osteoblast apoptosis in which a lack of testosterone enhanced osteoblast apoptosis through an increased Bax/Bcl-2 ratio (Wiren et al. 2006 . Our results showed that a reduction of the Gla/Glu osteocalcin ratio, decreased osteoblastic proliferation and increased osteoblastic apoptosis in testosterone-deprived rats was associated with microstructural changes in the tibial trabecular bones and a significant overall reduction in mineral density of those bones. Our findings and a previous report (Fulzele et al. 2010) demonstrated that the impairment of osteoblastic insulin receptors results in a decrease in osteoblast proliferation. All of these findings suggest that testosterone deprivation decreases osteoblastic activity and osteoblastic proliferation while increasing ostoblastic apoptosis, leading to osteoporosis.
The effects of obesity on bone density is still unclear. Several studies have shown that obesity could increase bone density (Harris et al. 1992 , Albala et al. 1996 , Vandewalle et al. 2013 ; however, other studies have found that obesity has either no effect on bone density (Greco et al. 2010) or increases bone porosity (Rosen & Bouxsein 2006 , Zhao et al. 2008 , Gó mez et al. 2009 ). The present study, also, found that obese and insulin resistant rats had a decreased Gla/Glu-osteocalcin ratio, decreased osteoblastic proliferation, increased osteoblastic apoptosis, osteoblastic insulin resistance and increased bone porosity. These findings indicate the deleterious effects of obesity on bone quality. Interestingly, obesity did not aggravate those forms of deterioration in testosteronedeprived rats as indicated by the lack of differences in trabecular bone quality between the HFO and the NDO groups (Fig. 3B, D , and E). There are several possible explanations for these findings. First, the deleterious effects found in osteoblasts of testosterone-deprived rats could have been at their maximum level, thus obesity could not have had further additive effects on those osteoblastic cells. Secondly, it could be that the lack of testosterone, rather than obesity, that was the major aggressive factor causing the impairment of trabecular bone structures as this impairment was also observed in NDO rats. However, in the present study no significant differences in cortical bones were observed among the experimental groups. Two previous studies found that the cortical bone markers had markedly decreased 6 months after castration (Danielsen et al. 1992 , Reim et al. 2008 . It is possible that the 3-month period of castration in the present study might not have been long enough to observe cortical bone change. However, the hypothesis of this study is supported by the fact that the response of cortical bone mass to HF-induced obesity differs by age (IonovaMartin et al. 2011) . The Ionova-Martin group demonstrated that femur thickness does not change in young mice after 16 weeks of HF comsumption although those mice, as in the mice in the present study, had poor bone quality. The limitation of the present study was that testosterone deprivation and obesity were not independently assessed as the cause of osteoporosis due to the fact that decreased testosterone levels was also observed in the obese-insulin resistant rats. However, it has been shown previously that testosterone deprivation alone could cause osteoporosis (Tuck & Francis 2009 ). Moreover, the recent study by Donner et al. (2015) demonstrated that dietinduced visceral obesity resulted in decreased bone mineral area and content and impaired femoral stiffness and strength without changes in testosterone levels. All of these findings indicated that either obesity or testosterone deprivation could lead to osteoporosis. In addition, the aim of the present study was to mainly investigate the synergistic effects of obesity and testosterone deprivation on osteoporosis. Findings from the present study clearly demonstrated that either obesity alone or testosterone deprivation alone led to osteoporosis, however no additive or synergistic effect of obesity and testosterone deprivation on osteoporosis could be found.
Lack of results pertaining to bone cellular activities is one of the limitations of the present study. However, neither serum bone biomarkers nor tissue samples for dynamic bone histomorphometry were collected from those rats. Therefore, it is not possible for us to quantify bone cellular activities in the present study. However, we believe that the available bone parameters provided in the present study provided sufficient evidence to confirm the detrimental effects of testosterone deprivation and insulin resistance on bone. The overall adiposity was not measured. However, the visceral fat was determined and used to represent the level of metabolic complications in this obese-insulin resistant model (Hansen et al. 1997 , Morakinyo et al. 2015 .
Conslusions
Either testosterone deprivation alone or HF-induced obesity alone can cause impairment of osteoblastic insulin signaling and reduction in osteoblastic survival, leading to osteoporosis. However, obesity does not augment the adverse effects on bone density under testosteronedeprived conditions.
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